We study the folding mechanism of a three-helix bundle protein at atomic resolution, including effects of explicit water. Using replica exchange molecular dynamics we perform enough sampling over a wide range of temperatures to obtain the free energy, entropy, and enthalpy surfaces as a function of structural reaction coordinates. Simulations were started from different configurations covering the folded and unfolded states. Because many transitions between all minima at the free energy surface are observed, a quantitative determination of the free energy barriers and the ensemble of configurations associated with them is now possible. The kinetic bottlenecks for folding can be determined from the thermal ensembles of structures on the free energy barriers, provided the kinetically determined transition-state ensembles are similar to those determined from free energy barriers. A mechanism incorporating the interplay among backbone ordering, sidechain packing, and desolvation arises from these calculations. Large ⌽ values arise not only from native contacts, which mostly form at the transition state, but also from contacts already present in the unfolded state that are partially destroyed at the transition. T he energy landscape theory and the funnel concept, along with a new generation of experiments, have created a ''new view'' of protein folding (1-4). Folding is best described as an ensemble of converging pathways toward the native structure. For good folding sequences, these paths are all energetically very similar with barriers between them on the k B T energy scale. Minor fluctuations due to environmental or mutational changes may vary the path probabilities, but the overall global landscape flow will be only weakly altered. This leads to a key result of the energy landscape theory: protein folding dynamics can be properly understood as the diffusion of an ensemble of protein configurations over a low-dimensional free energy surface, which may be constructed by using many different order parameters.
T
he energy landscape theory and the funnel concept, along with a new generation of experiments, have created a ''new view'' of protein folding (1) (2) (3) (4) . Folding is best described as an ensemble of converging pathways toward the native structure. For good folding sequences, these paths are all energetically very similar with barriers between them on the k B T energy scale. Minor fluctuations due to environmental or mutational changes may vary the path probabilities, but the overall global landscape flow will be only weakly altered. This leads to a key result of the energy landscape theory: protein folding dynamics can be properly understood as the diffusion of an ensemble of protein configurations over a low-dimensional free energy surface, which may be constructed by using many different order parameters.
In this article, we describe the free energy landscape for protein folding simulated with full atomic details of both protein and solvent, over a broad range of temperatures. For our studies, a natural choice is the 10-55 helical fragment B of protein A from Staphylococcus aureus, using the replica exchange molecular dynamics (REMD) algorithm described by Sugita and Okamoto (5) . Protein A folds into a simple three-helix bundle (6) whose folding has been widely studied by using minimalist and all-atom simulations (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) as well as experiments (18, 19) . All of these different studies provided some information about the folding mechanism and the nature of the transition-state ensemble (TSE). The study presented here aims to establish a quantitative picture by integrating the earlier qualitative findings with detailed simulations. We simulated 82 replicas of the water-protein system, with temperature, T, ranging from 277 to 548 K, and each replica was started from a different configuration spanning the space of folded and unfolded states. Multiple transitions from the unfolded ensemble to the native minimum were observed in our computer simulations, thus ensuring the validity both of the sampling and the potential energy functions. Until now, evidence of folding͞unfolding simulations has only been shown in the context of peptides by using a simpler implicit solvent representation (20, 21) .
The events leading to folding span many time scales. Recent ultrafast spectroscopy experiments show that the formation of interresidue contacts occurs on the 10-ns time scale (22) ; formation of ␣-helices occurs in 200 ns (23) ; formation of ␤-hairpins occurs in 1-10 s (24); and folding of single domain proteins occurs in 10-1,000 s (25). The longest single-trajectory simulation of protein folding in explicit solvent previously published was not sufficiently long to show complete folding of the protein (26) . Simple molecular dynamics cannot break the time scales needed to describe protein folding in explicit solvent models. By using new simulation tools, we are able to perform numerical investigations that were practically unfeasible even 1 year ago.
Methods
REMD simulations were carried out by using an explicit solvent model, under periodic boundary conditions. The 46-aa system is contained in a cubic box containing 5,107 water molecules and 16,055 atoms. The protein chain is the amino-acetylated and carboxy-amidated 46-aa fragment of fragment B of staphylococcal protein A. In our analysis, amino acids are numbered sequentially, starting with the acetyl group, such that amino acid Gln-10 in the protein fragment corresponds to amino acid Gln-2 in our numbering. The folded protein in aqueous solution was equilibrated for 1.1 ns at constant temperature (300 K) and pressure (1 atm; 1 atm ϭ 101.3 kPa). We used Protein Data Bank file 1BDB as the folded structure (6) . We used the force field of Cornell et al. (27) , with modified backbone dihedral angle potentials (28) , and the suite of programs in AMBER (University of California, San Francisco), with the Generalized Reaction Field (GRF) (29) treatment of electrostatic interactions (with a cut-off of 8.0 Å) and the REMD algorithm (5) . Nonbonded pair lists were updated every 10 integration steps. The integration step in all simulations was 0.0015 ps. The system was coupled to an external heat bath with a relaxation time of 0.1 ps (30) . All bonds involving hydrogen atoms were constrained in length. The solvated systems were subjected to 500 steps of steepest-descent energy minimization and a 1.1-ns molecular dynamics simulation at constant pressure (P) and temperature (T), with P ϭ 1 atm and T ϭ 300 K. The equilibrated system was contained in a cubic box of side dimension 54.39 Å. All replica calculations were done at constant volume.
The temperatures of the replicas were chosen to maintain an exchange rate among replicas between 8% and 20%. Exchanges were attempted every 250 integration steps (0.375 ps). We simulated 82 replicas of the water-protein system, with T ϭ 277-548 K. To generate a set of initial conditions that broadly covers the configuration space of the protein, we performed independent simulations, extending from 0.5 to 2 ns, at T ϭ 275-1,000 K. We chose configurations at random from this sampling and kept structures with a radius of gyration, R g , Ͻ15 Å and a total number of contacts, Z, Ͼ50 (i.e., we chose partially collapsed configurations) as initial structures for the replicas. The resulting configurations were assigned at random to one of 82 temperatures. Of the 82 initial configurations, 25 had an rms distance (rmsd) Ͻ2.0 Å, 27 had 2.0 Ͻ rmsd Ͻ 4.0 Å, and 30 had rmsd Ͼ 4.0 Å from the folded state. All replicas were equilibrated for 200 ps without exchanging temperatures, at the beginning of the simulations. After the 200 ps without exchanges, 44 replicas had rmsd Ͻ 4 Å, 38 had rmsd Ͼ 4 Å, 11 had rmsd Ͼ 8 Å, and 3 had rmsd Ͼ 10 Å. The largest rmsd is 13 Å, and the largest R g is 16.3 Å. The largest R g and rmsd adopted during the simulation were 19 and 15 Å, respectively. The REMD simulation was carried out for 13.085 ns per replica (1.07-s total simulation time). The last 11.775 ns (31,400 configurations) per replica were used to calculate all of the averages reported here. Protein hydration was analyzed during the last 750 ps per replica of the simulation. We analyzed the configurations generated by the REMD simulations in terms of the ␣-helical content, , the rmsd from the Protein Data Bank structure, and the fraction of native contacts, Q. A helical segment was defined whenever three or more consecutive residues occupy the ␣-helical region of the map ( ϭ Ϫ60 Ϯ 35°and ϭ Ϫ47 Ϯ 30°). Contacts were defined as occurring whenever two amino acid side chains, separated by five or more amino acids along the chain, have any two atoms within 6.4 Å of each other. We defined native contacts as those contacts with a 1͞e probability of being present in the lowest T contact map. The folded state has 52 native contacts, and the maximum number of contacts is 104.
Results and Discussion
Thermodynamic Description of the Folding Energy Landscape. The improved sampling provided by the REMD technique allows us to explore the configuration space of protein A. Fig. 1 shows the average number of amino acids in ␣-helical configurations () and the average Q as a function of temperature. The curves are typical of a broad two-state transition, although examination of the transition with multiple order parameters shows three major basins. The half-maximum helical content is near 440 K. At this temperature the average Q is 0.35. Rapid changes in the number of ␣-helical amino acids facilitate the fast convergence of the helical content as a function of temperature. Slow changes in the number of native contacts and rmsd make the convergence slow. However, the inclusion of multiple replicas enhances the sampling and reduces the correlation in the ensemble averages. The helical content and fraction of native contact profiles are well equilibrated within 1-to 3-ns block averages.
Free energy surfaces were calculated from histograms of the occurrence of selected order parameters (Q and the rmsd from the folded structure) in the configurational ensembles generated for each temperature (Fig. 2) . The overall features of this surface are similar to that calculated previously with a different force field (9) . At low T the free energy surface, ⌬G(Q,rmsd), shows a large folding basin containing two minima weakly separated; one corresponding to the native state (folded unsolvated with Q Ͼ 0.8) and the other a nearly folded state with a hydrated core (folded solvated with 0.30 Ͻ Q Ͻ 0.8). The populations of these two ''folded'' regions are equal at 387 K. At very high T there is only one minimum corresponding to the unfolded basin. The populations of the two minima switch as T changes. At intermediate T we see two large basins separated by a free energy barrier. The transition temperature, T*, at which the two states are equally populated is 421 K. T* is significantly higher (Ϸ30%) than expected. At the folding temperature, T*, ⌬G(Q,rmsd͉T*), exhibits two large energy basins corresponding to the folded (Q Ն 0.30, rmsd Յ 4 Å) and unfolded (Q Ͻ 0.30, rmsd Ͼ 4 Å) states, with the folded basin containing the unsolvated and folded solvated states. The barrier separating the two basins is Ϸ4 kcal͞mol. The free energy profiles as a function of Q, for various temperatures, are shown in Fig. 2c . Any of the order parameters used, Q or rmsd, is sufficient to distinguish the two basins, suggesting that a collective folding transition occurs with concurrent secondary and tertiary structure formation and side chain packing, as expected from a funnel-like landscape. Also, the unfolded basin still shows some resemblance to the native state, indicating that this ensemble is not fully disordered. The free energy surface shows that Q and rmsd can be used to identify transitions between folded and unfolded states, with the transition region defined by Q* ϳ 0.30 and rmsd* ϳ 4.0 Å.
We decompose the free energy landscape into its enthalpic and entropic components by fitting all free energy surfaces at all sampled T. We fit all free energy surfaces at all sampled T to a function ⌬G(Q,rmsd͉T) ϭ Ϫ(⌬H(Q,rmsd) Ϫ T⌬S(Q,rmsd)), where ⌬H(Q,rmsd) and ⌬S(Q,rmsd) are the enthalpy and entropy of the system, respectively, as a function of the Q and rmsd order parameters. ⌬H(Q,rmsd) and ⌬S(Q,rmsd) are assumed to be T-independent. These quantities are changes in the total enthalpy and entropy of the system with contributions from both protein and solvent. ⌬H(Q,rmsd) spans a range of values from Ϫ12 to 12 kcal͞mol, where the folded basin has low enthalpy and the unfolded state has high enthalpy. The entropy, ϪT⌬S(Q,rmsd), shows the opposite behavior, with low entropy for the folded state and high entropy for the unfolded state. The entropy near Q ϭ 1 and rmsd ϳ 1.5 Å is the lowest. The enthalpy and entropy are down hill, without barriers. The imbalance between entropy and enthalpy results in the free energy barrier separating the folded and unfolded basins, shown in ⌬G(Q,rmsd͉T ϭ T*). Now that we have characterized the folded and unfolded states in terms of Q and rmsd order parameters, we can explore the completeness of the sampling performed by the REMD. To illustrate the ample and detailed sampling of the folding͞ unfolding energy landscape obtained with the REMD, we show the time history T, rmsd, the number of ␣-helical content in each one of the three helices (⌰ h ), and the fraction of native contacts for three representative replicas (replicas 14, 48, and 56) (Fig. 3) . Replica 14 covers mostly the folded state basin and shows a transition between the folded solvated to unsolvated states. Many other replicas exhibit similar transitions and the reverse transition. Replica 48 shows multiple transitions between the folded solvated and unfolded basins, without getting too far from the transition region between the unfolded and folded basins. Replica 56 shows the most drastic change in rmsd while undergoing a transition from a folded solvated state (with rmsd ϳ 2.7 Å) to an unfolded state (with rmsd ϳ 7.3 Å) and back to the folded solvated state (with rmsd ϳ 3.2 Å). These trajectories cover a large region of the configuration space, because they vary their temperature during their time evolution. Because of the variations in temperature used in the REMD algorithm, the time history of the replicas is not directly related to the folding͞ unfolding pathways at constant temperature, but it provides a reasonable description of the order of the events during folding.
Folding Routes on the Energy Landscape. The broad sampling of configurations covered by the simulation data allows us to examine the equilibrium distribution of configurations covering a large region of the configuration space, as delineated by Q and rmsd. We describe this distribution at the transition temperature, T*. Figs. 4 shows the probability of forming contacts between helices I and II (thus forming turn I-II), contacts between helices II and III (forming turn II-III), long range contacts between helices I and III, and the helical content, as a function of Q. Notice that the configurations at the unfolded region (Q Ͻ 0.30) already include native features, particularly contacts in the loop regions and the formation of helix III. More interesting are the features of the TSE. Some of the early formed native contacts at the loop regions need to be rearranged (broken and reformed) when the system is near the transition region (0.25 Ͻ Q Ͻ 0.4). The possibility of nonmonotonic formation of native contacts as the folding reaction progresses has been ignored in most of the previous transition-state analysis, and they can have a substantial effect on the experimentally measured ⌽ values that have been used to explore this transition region (8, (31) (32) (33) (34) (35) ). An additional feature at the TSE is a substantial formation of helix I with the concurrent (or followed by the) formation of tertiary contacts between helices I and II and helices II and III, and of some long range contacts between helices I and III. Helix I is completely unstable unless tertiary contacts with other helices are formed. Therefore, the TSE is characterized by many simultaneous structural changes, i.e., the loops are partially unformed to allow for the packing of helices (specially between helices I and II) and the formation of helix I. Although helix III is formed very early in the folding event, only a fraction of its contacts with the other helices are formed in the transition region. The full packing with the remaining of the protein occurs only at the late stages of folding.
Finally, we can investigate the interplay between protein ordering and dehydration of the protein core; this question has been addressed in several recent papers (36) (37) (38) (39) (40) , and it is now quantified so that a unified view for the folding mechanism becomes possible. The average number of water molecules coordinated to the backbone carbonyl oxygen atoms provides a measure of the degree of protein hydration. We monitor the protein hydration by examining along the folding reaction Q the number of water molecules coordinated to the backbone carbonyl oxygen atoms along the folding progress variable. From previous simulations of ␣-helical systems we know that an isolated ␣-helix in solution has, on average, one coordinated water per carbonyl oxygen atom near the center of the helix (28) . In an unfolded helix, and at the C-terminal end of helices, the backbone carbonyl oxygen atoms have, on average, two coordinated water molecules. Regions of an ␣-helix that are buried in the protein core do not have coordinated water. Fig. 5 shows a plot of the average number of water molecules coordinated to various regions of the protein. Helix III has sufficiently large side chains that it gets its backbone carbonyl oxygen atoms protected as soon as the helix is formed. The number of coordinated water molecules to helix III is large (10) in the unfolded state but decreases to Ͻ5 as soon as the helix forms (Q Ͻ 0.30). Helix II, because it is more exposed and has smaller side chains, has a reduced level of protection during the entire folding event. The carbonyl groups of helix I, however, are the best probe for the dehydration of the protein core. A sharp transition in the number of coordinated waters (from eight to less than four) occurs concurrent with the packing of helix III against helices I and II (Fig. 4) . The plot of the water coordination number for all carbonyl oxygen atoms in the protein shows two regions with large changes occurring as a function of Q. The first occurs at the folding transition region (Q Ͻ Q* ϳ 0.30) and the second at Q ϳ 0.8, where the helices pack closely and the protein changes from a solvated folded state to a desolvated folded structure. The coordination number is constant for the folded solvated state (0.30 Ͻ Q Ͻ 0.8). The TSE of the protein is characterized by structures where the loops are partially unformed to allow for the packing of helices I and II and the formation of helix I. This TSE transition is followed by a later dehydration transition that is concurrent with the final packing of helix III with helices I and II.
Description of the Folding Mechanism. Folding a protein in a computer is now possible without the help of any structural constraints, other than those imposed by the limitation of the simulation box size, which may increase stability of the folded state but does not affect the folding mechanism (21). Multiple folding and unfolding transitions have been observed for a protein by using explicit solvation along with currently available force fields. These transitions are defined by using the features of the calculated free energy surface showing three basins, folded unsolvated (Q Ͼ 0.8, rmsd Ͻ 4), folded solvated (0.8 Ͻ Q Ͻ 0.30, rmsd Ͻ 4.0 Å), and unfolded (Q Ͻ 0.30, rmsd Ͼ 4 Å). The all-atom simulation reveals the quantitative details of the protein folding event that involve the funnel-guided evolving ensembles of structures [with an overall agreement with the picture presented by others (12, 15, 17) ]. The unfolded state of the protein is compact, having R g within 2 Å of the folded state and Q* ϳ 0.25-0.40, consistent with previous calculations (7). These evolving ensembles exhibit a folding mechanism where secondary structure formation is coupled with solvent exclusion and core formation. We find that helix III forms early, consistent with experiments (19) and most calculations (12, 15, 17) . The results of Bockzo and Brooks (7) differ from ours on this specific detail. This is surprising because most other features of the folding mechanism that we calculated agree with theirs. However, we are using different force fields and simulation methods. Analysis of the helix content as a function of T shows that, as T increases, helix I unfolds first, followed by helix II and helix III. We find that the unfolded ensemble exhibits a stable ␤-hairpin in the helix I segment. This ␤-hairpin persists for a few nanoseconds in one replica and converts quickly to a persistent PPII-type of structure, which then converts to an ␣-helix (data not shown). The folding transition temperature of 421 K is higher than expected. Assuming a two-state folding transition, we calculated ⌬G f/u (T ϭ 300 K) ϭ Ϫ4 kcal͞mol, which is larger in magnitude than the Ϫ1 kcal͞mol value estimated by Shea and Brooks (41) . The truncated fragment of protein A is partially unfolded at room temperature (18) (suggesting ⌬G f/u ϳ 0). Simulations on the isolated helix III fragment show that helix III unfolds at Ϸ420 K. This large stability comes from strong side chain contacts in helix III that are consistent with a helix conformation. The use of a constant volume in the REMD simulations overstabilizes hydrophobic contact formation at high T and may be partially responsible for the high transition T (42) (43) (44) . The high transition T should be of no major concern because the folding temperature is extremely sensitive to the detailed cancellation between entropy and enthalpy. The important fact is that force fields are already able to show folding transitions of a protein without any constraints.
The folding landscape that comes from these simulations is funnel-like but it still exhibits a reasonable amount of residual frustration. Several native contacts, especially around the loop regions, need to be broken and reformed during the folding transition. Nonnative structures, such as helix 1 in a strand conformation, are observed in the unfolded ensemble. Globally, the free energy profile is mostly flat for regions with Q Ն 0.7-0.8. Although this computer-observed landscape gives the signature of a good folder, its residual frustration appears to be larger than that observed experimentally for small fast-folding proteins such as that studied here. Even with these minor differences, it is amazing how well the current force fields, with no further adjustments, are able to reproduce the experimentally observed folding event.
The analysis of the folding routes shows that the formation of ␣-helices and turns does not proceed monotonically along a reaction coordinate that measures the fraction of native contacts formed. We find that the formation of the turns occurs precipitously, and that they partially reverse their formation near the transition region to accommodate the packing tertiary structural elements. The picture we obtain from the simulations is that helix I can adopt multiple stable secondary structures and disordered conformations while helix II and III remain relatively fixed. Our simulation suggests that fluctuations occur in different time scales, where helix I forms and breaks multiple times while helix II and III move relative to each other.
This folding simulation shows that, because proteins have a sufficiently smooth folding landscape, folding is a very robust event for good folding sequences (true for most small or intermediate-size proteins) and, therefore, that current physically based force fields can already fold proteins. Although some refinement is still needed on existing force fields, and all-atom simulations still require very large amounts of computer time, our results fully support the energy landscape theory for protein folding and open a new era in folding simulations.
